In determining relative gene expression by quantitative measurements of mRNA levels using real-time quantitative PCR, internal standards such as reference genes are essential. Large-scale studies evaluating (candidate) reference genes for veterinary research have not been conducted as thoroughly as for human research, although they are equally important. Our goal was to design and evaluate a genome-wide panel of reference genes from different functional classes. First, primers were optimized using mRNA from canine cell lines and from 30 tissues of one dog as template and SYBR green as fluorescent probe. Second, the expression variation and stability of a gene within one specific tissue were determined. Prostate, kidney, mammary gland, left ventricle, and liver tissues from five to nine dogs of different breeds, sexes, ages, body weights, and disease status were used. Averaging relative stabilities over these tissues revealed the usefulness of individual genes as reference genes. Furthermore, according to expression variation of a reference gene within a specific tissue, usually two to four reference genes are sufficient. Taken together, ribosomal protein S19 (RPS19), ribosomal protein S5 (RPS5), b-2-microglobulin (B2M), and hypoxanthine phosphoribosyltransferase (HPRT) are advocated. However, the optimal set of reference genes depends on the tissue and should be selected and evaluated for each series of experiments.
The Human Genome Project and the sequencing of the complete mouse genome have revolutionized biomedical research. Furthermore, the availability of (tissue-specific) knockout mice provides an efficient tool enabling the dissection of gene functions. However, the complexity in the human clinical setting is not reflected in experimental mouse models that are uniform inbred strains. Therefore, the need to find model animals filling this gap is of utmost importance. Recently, the dog became a model organism in translational physiology to bridge rodent models to human medicine. Examples include cardiovascular diseases [1] , hematopoietic diseases [2, 3] , and copper storage diseases such as Wilson's disease [4] . In some cases, the genetic defect has been found in dogs first and in humans only later [5] . The biomedical relevance of the dog justified the complete sequencing of its genome [6] . Surprisingly, the dog genome turned out to be much more closely related to the human genome than to the mouse genome despite an earlier evolutionary split [7] .
To become fully accepted as a model animal for human medicine, diseases must be similar at the clinical, pathological, and genetic levels as well as at the molecular level.
Comparison at the molecular level most often relies on gene expression profiling. Furthermore, gene expression profiles can be used to gain insight into molecular pathways, distinguishing between diseased and healthy tissue as well as finding genetic mutations. Real-time quantitative 
PCR (qPCR)
1 is an accurate, rapid, and sensitive technique in biological research to study differential gene expression. Several variables need to be controlled in gene expression analysis [8] , including RNA integrity or input concentration of cDNA, enzymatic efficiencies, and differences between tissues or cells in overall transcriptional activity [9] . To cover for all of these variables, an internal standard is commonly used. Over the years, the technique has become more sensitive and reproducible, thereby demanding more stringent internal standards. Reference genes most frequently are used as internal standards and are selected on their supposedly equal expression in each cell of a specific tissue regardless of the individual. In human biomedical research, there are several reports on evaluating reference genes [9] [10] [11] or the qPCR technique [12] [13] [14] . To our knowledge, the evaluation of reference genes for accurate normalization of gene expression has not been done extensively for domestic animals [15] [16] [17] .
In the current study, we tested nine primer sets for their potential to be used as reference genes in canine samples. The experimental design was first to optimize qPCR conditions of the different reference gene primer sets on material derived from several canine cell lines and 36 tissues samples from an 8-week-old dog. Second, analysis of these cell lines and tissues indicated the differential expression of the reference genes between various tissues. Third, the variation within specific tissue types was tested in canine prostate, kidney, mammary gland, left ventricle, and liver. Each tissue type was represented by an average of seven samples obtained from different breeds, sexes, ages, and body weights, using affected tissue as well as healthy tissue to exclude sampling bias.
Materials and methods
All procedures were approved by the Utrecht University ethical committee, as required under Dutch legislation. Samples were obtained after written consent from the owner. No experimental animals were used for the sole purpose of this study.
Tissue collection
Cell lines used were prostate-derived tissue (ACE+, CPA+, CAPE+, and DPC), hepatic epithelial (cHCC and BDE), and kidney (MDCK), cultured under standard conditions [18] [19] [20] [21] . Cells were washed with phosphate-buffered saline (PBS) and immediately lysed in Trizol and stored at À20°C until RNA isolation. From an 8-weekold sacrificed female Beagle dog with no clinical history, 30 fresh tissue samples were obtained and immediately snap-frozen and stored at À70°C. Samples from prostate, kidney, mammary gland, left ventricle, and liver were obtained from necropsy tissue of an average of seven different dogs, and these samples were snap-frozen and stored at À70°C until RNA isolation. All samples (cell lines and tissues/biopsies) were defrosted once and immediately lysed in Trizol to minimize freeze-thawing artifacts.
RNA isolation and cDNA synthesis
Total RNA was extracted from tissue samples or cell line material using Trizol reagent (Invitrogen, Breda, The Netherlands) according to the manufacturer's protocol with two minor modifications. After an additional phenol/chloroform/isoamyl alcohol (125:24:1, Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands) extraction was performed, the 2-propanol (Sigma-Aldrich Chemie) precipitation at À20°C was facilitated by adding 1 ll (20 lg/ ml) glycogen (Roche, Woerden, The Netherlands). After precipitation, RNA pellets were dissolved in 30 ll RNasefree TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The RNA was quantified spectrophotometrically using Nanodrop ND-1000 (Isogen Life Science, IJsselstein, The Netherlands), thereafter set to a 0.1-lg/ll concentration. The Agilent 2100 bioanalyzer (Agilent Technologies Netherlands, Amstelveen, The Netherlands) with a supplied Agilent standard marker was used as an independent technique to gain information about quality of the purified RNA. All measurements indicated intact and good quality RNA (data not shown). Then 1 lg of each total RNA sample was used to synthesize cDNA with an MMLV-derived reverse transcriptase according to the manufacturer's protocol (iScript cDNA Synthesis Kit, Bio-Rad, Veenendaal, The Netherlands). After synthesis, the cDNA samples were diluted two times. Samples were screened for genomic contamination using qPCR. The first step was 45 cycles denaturing template for 20 s at 95°C, followed by 30 s at melting temperature (T m ) and, for all samples, a 30-s elongation at 72°C. The second step was 5 min elongation at 72°C, followed by generating a melting curve starting at 65°C and increasing to 99°C by 1°C each cycle for 15 s. For this purpose, a non-reverse-transcribed RNA template as negative control, a cDNA template, and a gDNA template as a positive control were included.
Primer design and testing
The selection of candidate reference genes was based on gene targets already used as reference genes in dog and human tissues; furthermore, they represent different functional classes. The use of glyceraldehyde-3-phosphatedehydrogenase (G3P) [22] , b-actin (ACTB) [19, 23] , and hypoxanthine phosphoribosyltransferase (HPRT) [19, 22] as canine reference genes has been described previously. 1 Abbreviations used: qPCR, real-time quantitative PCR; PBS, phosphate-buffered saline; T m , melting temperature; G3P, glyceraldehyde-3-phosphatedehydrogenase; ACTB, b-actin; HPRT, hypoxanthine phosphoribosyltransferase; B2M, b-2-microglobulin; BGLR, b-glucuronidase; hnRNPH, heterogeneous nuclear ribonucleoprotein H; RPL8, ribosomal protein L8; RPS5, ribosomal protein S5: RPS19, ribosomal protein S19; C t , threshold cycle; 18SrRNA, 18S ribosomal RNA; GUSB, bglucuronidase.
b-2-Microglobulin (B2M), b-glucuronidase (BGLR), heterogeneous nuclear ribonucleoprotein H (hnRNPH), ribosomal protein L8 (RPL8), ribosomal protein S5 (RPS5), and ribosomal protein S19 (RPS19) frequently are used as reference genes in murine and human research. Primer sets were developed using known dog sequences (Table 1) available from Ensembl (www.ensembl.org) or GenBank (www.ncbi.nih.gov/genbank/index.html). Primer design was performed with Oligo Explorer 1.1.0 software (www.genelink.com/tools/gl-downloads.asp). To reduce chances of amplifying traces of genomic DNA, the primers were positioned in different exons. Uniqueness and specificity of each primer were verified using the Basic Local Alignment Search Tool (www.ncbi.nlm.nih.gov/blast) returning GenBank Accession Nos. Mfold (www.bioinfo.rpi.edu/applications/mfold) was used to determine the formation of secondary structures in the formed product.
Quantitative PCR
qPCR was based on the high-affinity, double-stranded DNA-binding dye SYBR green using a Bio-Rad My-IQ detection system (IQ SYBR green Supermix and My-IQ, Bio-Rad) according to the manufacturer's instructions. Primers (Isogen Life Science) had a final concentration of 400 nM each. For each reaction, 1 ll cDNA template was used. Reactions with a T m less than 58°C started with 5 min at 95°C, followed by 40 cycles of 20 s at 95°C, 30 s at T m , and 30 s at 72°C. This reaction was continued by 30 s at 60°C, followed by a melting curve, stepwise increasing temperature each 15 s by 0.5°C, ranging from 60 to 95°C. In case the T m was 58°C or higher, the elongation step at 72°C was removed from each cycle and T m remained 30 s. Optimal T m was determined using a temperature gradient ranging from 50 to 65°C on a 10-fold dilution series using cDNA derived from the cell lines and from the 30 different tissues of one female Beagle dog. Analysis was performed with My-IQ software (Bio-Rad). Calculations to estimate expression stability and the pairwise variation were performed using geNorm (http:// medgen.ugent.be/~jvdesomp/genorm) [9] .
Results

Optimization
We optimized the PCR reaction for the nine potential reference genes (ACTB, G3P, HPRT, B2M, BGLR, hnRNPH, RPL8, RPS5, and RPS19). Optimal T m values are depicted in Table 2 , ranging from 55°C for RPL8 to 62.5°C for RPS5. Primer efficiency calculations ðE ¼ ð10 À1 Àslope À 1Þ Â 100%Þ of all standard lines were between 96.5 and 103.9%. Furthermore, all melting curves described a single distinctive peak, indicating the formation of one specific amplicon (data not shown). The specificity of the PCR reaction was confirmed by sequencing of the amplicon (data not shown). In Fig. 1 , several controls are represented: (i) the presence of genomic contamination in RNA isolations and cDNA, (ii) the existence of processed pseudogenes, and (iii) the capability of the primers to amplify genomic DNA at all. In all non-reverse-transcribed reactions (except a very faint band for G3P), no product was detectable, implying no significant contribution of gDNA. Quantitative data revealed a greater than 8000-fold lower expression in the non-reverse-transcribed samples to cDNA levels (qPCR data not shown). The presence of gDNA-derived amplicons with similar sizes as the cDNA-derived amplicons indicated the existence of processed pseudogenes, as observed for GAPDH, hnRNPH, HPRT, RPL8, RPS5, and RPS19. Although in most primer pairs one primer was intron spanning, a product was detected in most genomic DNA samples. Sizes were consistent with expected size (Table 2) .
Expression of reference genes in different tissues
The cDNA from the cell lines and Beagle dog tissues were used to gain insight into the differential expression between various tissues and different cell lines. The pro- [24] . In Table 3A , the expression stability ranking is depicted for the reference genes of all cell lines and tissues studied in the first experiment (one Beagle dog, wide range of different tissues). The top four are the same for both analyses, although the order may be different. Overall, RPS5, RPL8, RPS19, and HPRT were the most stably expressed gene products, whereas ACTB was the least stable (Table 3A) . For the quantitative comparison of amplification rates of the investigated candidate reference genes, the threshold cycle (C t value) defines the fluorescence signal point where a background fluorescence signal is exceeded. The C t correlates inversely to the cDNA concentration and depends on PCR efficiency [24] . Although the C t values of the nine reference genes studies cover a wide dynamic range (C t = 20-30), there is no apparent correlation between the C t values and the M values (Fig. 2) . There is no correlation between product size and M value for amplicons smaller than 160 bp (Fig. 3) . The highest M value was found with ACTB, the only product larger than 300 bp.
Individual variation
The reference gene variation within specific tissue types was tested in prostate, kidney, mammary gland, left ventricle, and liver tissues from five to nine dogs of different breeds, sexes, ages, and body weights, using affected tissue as well as healthy tissue (Table 3B) . Although the order of stability of the different gene products varied among the five tissues, RPS5 always was within the three most stable and RPS19 always was in the top four in reference gene stability. The expression of ACTB was unstable in prostate, kidney, mammary gland, and left ventricle. Because ACTB was not detected in all liver samples, it was left out of the calculations represented in Table 3B . Apart from the expression stability (M) between genes, we determined the number of reference genes needed to obtain sufficiently high quality of internal controls. GeNorm calculates the normalization factor assessing the optimal number of reference genes for generating the already mentioned M factor by calculating the pairwise variation V. This normalization factor is calculated from the expression data of at least two genes. The pairwise variation between these genes defines the variable V [24] . Fig. 4 shows the influence of an increasing number of reference genes on the pairwise variation V. As depicted, little if any improvement was seen using more than three independent reference genes, irrespective of the tissue type.
Discussion
In view of food safety and animal welfare, in-depth studies on the validation of primers for reference genes in cattle and pigs have been performed [25, 26] . The research interest in companion animals such as dogs has been limited mainly to veterinary schools. The recent increase in use of these animals as models for human (patho)physiology has obviated the need to expand the primer validation results by Peters and coworkers [8] performed on canine samples. Therefore, we analyzed nine gene products frequently used as reference genes for their ability to be used as reference genes in canine qPCR measurements. The potential reference genes (ACTB, BGLR, RPL8, B2M, RPS19, RPS5, hnRNPH, G3P, and HPRT) were of different functionalities as well as different locations. To gain insight into tissue-tissue variations, we analyzed potential reference genes in five tissue types: prostate, mammary gland, left ventricle, kidney, and liver. Each tissue type was represented by snap-frozen samples from five to nine dogs. A few points clearly stand out from these results. First, there is no single reference gene that is the most stable in all tissues tested. Second, the data demonstrated notable differences in the variability of reference gene stability in the chosen tissues. Third, RPS5 and RPS19 showed very stable expression levels. Fourth, ACTB was relatively unstably expressed (Table 3) . Furthermore, an estimation of the lowest number of reference genes required in a specific tissue is even more critical if the amount of material (e.g., from live patients) is limited. In general, the use of two to four reference genes resulted in sufficient reliability of the internal controls (Fig. 3) . The practical consequence with regard to the experimental design of differential expression profiling studies in dog tissues is that validation of reference genes for tissues not previously described in qPCR is needed.
An initial screening with RPS5 and RPS19, preferably one of each done at the start of, midway through, or at the end of the expression profiling, indicates the differential expression of the gene products of interest. However, because the geNorm algorithm is founded on the assumption that the candidate reference genes belong to different functional classes, the sole use of these two reference genes may bias the interpretation of the data. B2M and HPRT are from other functional classes and often score the highest stability. Therefore, they can be suitable alternatives or additions, although they might not be the first choice in some tissues. In addition, HPRT was also advocated above RPS19  RPS5  RPS5  RPS5  RPS5  RPS5  B2M  RPS5  RPL8  HPRT  RPL8  RPL8  RPL8  HPRT  RPS19  RPS19  RPS19  HPRT  RPS5  RPS19  RPS19  HPRT  B2M  RPL8  RPS5  RPL8  RPS5  RPL8  HPRT  HPRT  RPS19  RPS19  G3P  G3P  HPRT  RPS19  G3P  B2M  hnRNPH  B2M  BGLR  B2M  BGLR  B2M  hnRNPH  hnRNPH  BGLR  BGLR  hnRNPH  RPL8  HPRT  HPRT  G3P  BGLR  BGLR  hnRNPH  B2M  BGLR  G3P  BGLR  RPL8  hnRNPH  G3P  ACTB  G3P  G3P  G3P  hnRNPH  ACTB  hnRNPH  BGLR  B2M  B2M ACTB ACTB ACTB hnRNPH ACTB ACTB ACTB
Note.The two most stable control genes cannot be ranked because of the required use of gene ratios for gene stability measurements. a Because there was not enough data from ACTB, this gene is left out in the liver ranking. G3P and ACTB in cattle and pigs [25, 26] , especially for highly sensitive analyses such as qPCR. It is possible that the apparent relative unstable expression of ACTB is due to the primers used, and consequently to the amplicon size, rather than a problem of ACTB per se. As shown in Fig. 3 , the amplicon size of ACTB is approximately double the size of the other amplicons tested. More important is the observation by von Smolinski and coworkers [17] , who found equal G3P and ACTB qPCR expression levels even in formalin-fixed and paraffin-embedded canine liver samples. This contradiction with our results can be caused by the fact that their primers resulted in an ACTB amplicon within the size range of the other reference genes tested by us. A second explanation can be the fact that their surgical specimens taken were approximately 10-fold larger in size than the biopsies taken by our veterinarians. If indeed the amplicon size (or the primer pair used) of ACTB was detrimental to its expression stability, interpretation of former data, including ours [23] , should be reserved.
We selected nine reference genes known from human and mouse research to validate in canine research. Some of these had already been used in canine research. In general, despite the relative low stability of our ACTB reference gene, all turned out to be applicable as reference genes. Limited data are available on reference genes in the other well-known companion animal, namely the cat (Felis catus). G3P [7, 9, 10, 12] , 18S ribosomal RNA (18SrRNA) [5, 8] , HPRT [11] , b-glucuronidase (GUSB) [6] , or ACTB [1,2] is used; however, these never are used in combination. Moreover, to our knowledge, a comprehensive analysis of feline reference genes has not been published. Comparison with three other domesticated animal species (cattle [25] , pigs [26] , and sheep [15] ) revealed either HPRT [25, 26] or G3P [15] as superior to ACTB, basically as we have found. This suggests that, to a certain degree, reference genes are species independent.
The presence of minor gDNA contaminations can affect the interpretation of the qPCR data. First, amplification of pseudogenes potentially can affect the results [16] . Our data confirm the existence of several pseudogenes for G3P, hnRNPH, HPRT, RPL8, RPS5, and RPS19 ( Fig. 1 and Table 1 ). Second, amplification of DNA encoding for the reference gene can disturb data analysis. This usually is precluded by the design of intron-spanning primers. Despite the intron spanning of either one of the primers for a specific reference gene (except G3P), amplification of the reference gene from gDNA occurred. Surprisingly, annealing of as little as 6 bp (for the reverse primer for hnRNPH) appeared to be sufficient for a proper PCR. Therefore, DNase treatment is recommended with these primers and is now included in our standard operation protocols for RNA isolation and subsequent cDNA production.
The successful amplification of a single specific sequence provides information only concerning the presence of the target sequence itself and therefore might not give insight into the integrity of all target sequences of interest, let alone the complete RNA. The use of more reference genes would be a better indicator of overall integrity of an RNA sample and, nevertheless, should be regarded as the minimum requirement controlling the integrity of the RNA sample under investigation [27] . Apart from the RNA integrity, the (small) expression variability of a reference gene needs to be normalized. When selecting only one gene as a reference gene, the expression variability might not be relevant so long as expression differences measured between groups is greater than the reference gene variation. That is, a reference gene mRNA that has an error of 1 log might not be ideal, but it is sufficient to measure a 2-log change in a gene of interest [14] . Hence, in accordance with previous reports [9, 11, 15] , we also recommend the use of more than one reference gene to compensate for variations in testing samples. Fig. 4 . Determination of the optimal number of reference genes for normalization. The geNorm software calculates the normalization factor from at least two genes of which the variable V defines the pairwise variation between two sequential normalization factors. For example, V3/4 shows the variation of the normalization factor of three genes in relation to four genes. No decline to the next comparison implies that there is no need for using more reference genes.
In conclusion, our approach has led to an identification of a panel of reference genes fairly stably expressed throughout a variety of canine tissues. The most appropriate reference genes in dog material are RPS19, RPS5, B2M, and HPRT. The possibility to amplify several pseudogenes with the primers under the PCR conditions as described here means that DNase treatment is recommended. If this is less feasible due to technical reasons, new primers and/or more stringent PCR conditions can be tested, as was done previously [16] . Still, we stress that reference genes need to be evaluated for each specific study given that none of the reference genes described here turned out to be universally applicable.
